The global demand for wireless, mobile communication, and data services has grown significantly in the recent years. Consequently, electrical energy consumption to provide these services has increased. The principal contributors to this electricity demand are around 7 million telecommunication base stations (TBS) worldwide. They act as access points for mobile networks and have typical electrical loads of 2-3 kW. Whereas most of the TBS are grid supplied, approx. 15 % are located in remote areas or regions with poor grid accessibility, where diesel generators (DG) supply the required electricity. Based on a dynamic simulation model built in Matlab/Simulink, the application of a latent heat storage (LHS) using phase change material (PCM) in existing off-grid TBS has been analysed. The LHS unit has been modelled as an air-based storage with phase change temperatures between 20-30 °C with the PCM being macro-encapsulated in slabs. This paper demonstrates the potential to reduce primary energy consumption in off-grid TBS through the following methods: optimization of DG's operating point and of the air conditioning unit operation schedule as well as utilization of photovoltaic energy.
Introduction
The demand for wireless communication services is growing worldwide. This holds especially true for developing countries, where exponential growth rates can be observed over the past few years. Another characteristic of these countries is the lack of a dense and reliable electric grid [1] . That is why lots of the Telecommunication Base Station (TBS) facilitating mobile communication are powered off-grid mainly using diesel fuelled generators. The usual power supply standard in such off-grid sites shall be briefly described in the following. The main focus of the paper is to increase the primary energy efficiency in such off-grid sites by applying active latent heat storage (LHS).
Off-grid TBS energy supply
Off-grid telecommunication base stations consist of a shelter containing the radio equipment and protecting it from the environment. The electrical load is usually supplied by a diesel generator (DG) located outside and working 24/7. Because most off-grid TBS are located in hot regions of the world and due to the radio equipment's constantly radiated heat, space cooling is needed to protect the radio equipment from too high temperatures [2] . Both high temperatures and humidity are the two main causes for electronic failures in the telecommunication industry [3] . Usually the spacecooling load is supplied by an air conditioner unit (ACU), which is also powered by the DG.
This setup allows relatively small investment costs but includes inefficiencies that lead to high operation costs. The main drawback is the DG's inefficient operating mode, because the DG is the only energy source whose capacity must be able to cover any additional electrical loads of the energy system beside the only constant load of the radio equipment. These additional electrical loads include the operation of the ACU and its initial current as well as backup capacity needed to supply electrical equipment during maintenance. As mentioned earlier, most off-grid TBS are located in hot areas, which makes a security surplus necessary to provide the DG's rated power output also at high ambient temperatures. These additional loads lead to an installed DG capacity which exceeds the constant load of the radio equipment by a factor 4-9 as shown in Fig. 1 (a) .
Fig. 1: (a) Power mark-ups for sizing diesel generator used in off-grid TBS and (b) efficiency curve
of a diesel generator [4] .
Because the additional loads are rarely needed to be supplied, the DG is oversized for the standard operation and is mostly applied with only 20-30 % of its nominal capacity. This causes the DG to run with low efficiency, as it can be seen in Fig. 1 (b) , and leads to high fuel cost. The fact that the DG is running 24/7 requires short maintenance intervals, which also increases the operation costs.
One method to improve the energy supply of an existing off-grid TBS is to hybridize it by installing an electro-chemical battery as an energy storage (see Fig. 2 Field B). The DG is only turned on to charge the battery. The high current for charging the battery drags the DG's operation point closer to the point of maximal efficiency. When it is charged, the battery supplies the electrical demand of all components while the DG is turned off. As a result, the DG's efficiency is increased whereas its operation time is significantly reduced, leading to lower fuel and operation costs. Due, however, to strict cost optimization, neither the rectifier nor the electro-chemical battery are designed to realize a battery charging current sufficient to reach the DG's operating point of maximum efficiency. That is why alternative solutions with lower investment costs than a lead-acid battery are needed that help to drag the DG's operating point even closer to the point of maximum efficiency in order to reduce the operation costs. One approach for further cost reduction is to extend the hybridized energy system with a photovoltaic (PV) system (see Fig. 2 Field C). Because most off-grid TBS are located in areas with high solar radiation, PV systems realize high diesel-consumption savings but also raise investment costs significantly. 
Latent heat storage in off-grid TBS
LHS storage offers relatively low investment costs and seems to meet all requirements for further improvement of the energy supply of both the hybrid system as well as PV-hybrid system. Applying a LHS in TBS has been investigated with different strategies and can be grouped into active and passive systems. A passive LHS completely substitutes ACU operation [5] . The LHS is charged during nighttime with cold ambient air and is discharged during daytime with the thermal energy radiated by the radio equipment. The application of this passive LHS needs high differences in the ambient temperature to achieve temperature differences high enough to ensure a sufficient thermal performance for discharging. Thus, its application is restricted to certain areas of the world like deserts and tropical regions. The application of an active LHS in TBS was investigated in different climate regions in China. To achieve a sufficient high thermal charging performance, the LHS was equipped with an additional air-to-water heat exchanger. It was found, that an LHS and the use of ambient air can help to significantly reduce the space cooling demand in the energy system of TBS [6] . The LHS under investigation consists of macro-encapsulated rectangular slabs containing phase change material (PCM). The slabs are made of high-density polyethylene (HDPE) and act as the encapsulation of the PCM as well as the heat transfer surface. Air is used as a heat transfer fluid (HTF). The LHS can be applied within an existing TBS using the ACU as a charging device as shown in Fig. 3 (a) and a fan as a discharging device as shown in Fig. 3 (b) . Thus, it is an active LHS with the use of air as the only HTF. One further difference of the LHS under investigation in comparison to the two mentioned LHS concepts is its operation without the use of ambient air as a natural cold source.
Through the investigated LHS an uncoupling of space cooling supply and demand is enabled which allows to improve both, the DG's as well as the cooling supply's efficiency. In off-grid TBS with a PV-hybrid system, the LHS can utilize the energy surplus generated by the PV system.
For higher DG efficiency, the analogous approach to that used at hybridization is adopted. The LHS is charged in the same time as the battery. The ACU's electrical power consumption further increases the DG's working point and, thus, its efficiency. During battery operation, the stored thermal energy can be retrieved at a lower power compared to the use of the ACU. This leads to the expectation of a longer battery operation and, accordingly, shorter DG operation.
To raise the efficiency of space cooling supply, the LHS is charged during night time when ambient temperatures are low, leading to a high COP of the ACU. The LHS is discharged during the hottest -hours around midday, respectively. Thus, the ACU is only operating during the most efficient hours to charge the LHS, whereas the most inefficient hours of operation are avoided by discharging the LHS through the fan.
Fig. 3: (a) Airflow through ACU and Fan while charging LHS and (b) airflow through Fan only while discharging LHS via two-way clap.
PV-surplus occurs when the battery is fully charged and the power output of the PV systems exceeds the sum of all electrical loads. The approach for utilizing the PV-surplus is to supply the ACU with the PV-surplus power to charge the LHS. Thus, a bigger part of energy produced by the PV system is utilized and fuel costs can be reduced. If the PV-surplus power solely is not sufficient to supply the ACU, additional power from the battery can be used. Thus, also small PV-surplus power can be utilized.
Modelling
The complete system model consists of the seven components shown in Fig. 2 . These can be grouped as follows: The developed dynamic model can be divided into the part of the TBS model and the LHS model. The TBS model consists of components with well-known technical and physical behaviour, and therefore it will be described briefly. The LHS model, on the other hand, will be presented in more details.
TBS Model
The electricity generating components in the TBS are a DG and, optional, an additional PV system. The DG performance is modelled with the aid of the DG's efficiency as a function of the used relative capacity shown in Fig. 1 (b) and the boundaries of minimum and maximum load condition.
The ACU's electrical input and its thermal capacity result from the coefficient of performance (COP) as a function of both the ambient and the shelter's temperature. Characteristic curves of ACU manufactures are used in look-up-tables to calculate the values for every time step. The battery is modelled as a component integrating the electrical charging and discharging currents. Considering the battery's cycle efficiency, charging currents are normally accounted, whereas discharging currents are multiplied with the reciprocal battery efficiency before being integrated. Exogenous signals like ambient temperature, solar radiation, and power output of the PV system are imported through measured time series of relevant locations. The load of the radio equipment is represented by a constant electrical load, which needs to be supplied any time.
LHS Model
The LHS modelling can be divided into the calculations for the thermal performance on the one hand and the calculation of the state of charge (SOC) on the other hand.
For both parts of the LHS model the following assumptions and simplifications were made:
• The PCM in the HDPE slabs is homogenous and isotropic • The PCM's heat conduction coefficient is assumed to be infinite • The transition process from liquid to solid is isothermal at the theoretical phase change temperature • Subcooling is neglected • No degradation occurs • Natural convection within the slabs is neglected • The vertical walls of the slabs are assumed to be isolated
Thermal performance of the LHS
The assumptions made were chosen according to mathematical LHS models of different methodical approaches from [7] . The main advantage of the chosen model is its analytical character by assuming the heat conduction coefficient to be infinite. Thus, it can be calculated analogously to a heat exchanger with one HTF being condensed (see Fig. 4 (a) ). The analytical model saves computational time while the model accuracy is estimated to be sufficient for a first potential analysis. The thermal performance "#$ can be calculated by (1) in which the temperature of HTF 2 to calculate the logarithmical temperature difference can be replaced by the actual PCM temperature T pcm according to Fig. 4 (a) . 
Beside the inlet temperature of the airflow, the main influence on the thermal performance of the LHS then is the geometry represented by the heat exchanging surface A LHS and heat transfer coefficient k. The LHS is assumed to consist of rectangular HDPE slabs containing the PCM. The slabs are arranged side by side with a defined gap (A canal ) between them (see Fig. 4 (b) ).
To obtain the heat transfer coefficients for the shown geometry, the McAdams/Dittus-Boelter correlation for rectangular canals is used given by (2)
in which d Hyd is the hydraulic diameter that can be calculated with (3) for rectangular canals [8] . 
The heat transfer coefficient α air is calculated by dividing the Nusselt-Number Nu through the hydraulic diameter and the heat conduction coefficient of the HTF. By also taking the HDPE's heat conduction coefficient λ HDPE into account, the overall heat transfer coefficient k used in (1) can be calculated. With the overall heat transfer coefficient and the given size of the heat exchanging surface only the PCM temperature T pcm as well as the temperature of the air flow at the inlet (T in ) and outlet (T out ) of LHS are needed to calculate the thermal performance "#$ . For the calculation of a charging performance the LHS inlet temperature T in is given by the ACU output airflow, the LHS outlet temperature T out can be obtained using (4) To calculate the discharging performance, the LHS inlet temperature is set equal to the shelter temperature and the fan's air mass flow is chosen as NOP .
,YZ = O:
SOC calculation of the LHS
As mentioned in the simplifications, the PCM is modelled with a homogenous temperature T pcm at all places. This temperature can be calculated using (5) in which m pcm is the installed mass of PCM in the LHS and c p,pcm the PCM's specific latent heat storage capacity. Since thermal charging performances lead to a decreasing temperature of the PCM, they are accounted negatively, whereas discharging performances are accounted positively.
The SOC calculation of the LHS can be divided into a calculation for the sensible and the latent part. The SOC for the sensible part is calculated by (6) , whereas the SOC for the latent part can be calculated by (7) . Together they result in the SOC of the LHS by (8) . 
Simulation and results
To evaluate the energy-saving potentials described in Section 1.2, three combinations of systems were simulated. For any energy-saving potential one system with LHS and the related comparable system without LHS were simulated and their results were compared. An overview on the systems simulated to evaluate each energy-saving potential is given in Table 1 . As an example for a comparable system, a typical TBS was chosen with the parameters of the components given in Table 2 . 95 % The simulation results are presented separately by the investigated energy-saving potential. For every efficiency improvement a timeline overview for the most relevant properties is given to demonstrate the changes reached through the LHS. The most significant variable for the evaluation of the LHS operation is the diesel consumption savings. They are compared with the diesel consumption of the related comparable system excluding the LHS. As a result, only the percentage savings achieved through the use of the LHS are presented. Moreover, changes in the energy supply caused by the LHS are analysed and explained.
Diesel generator
The properties shown in Fig. 5 (a) illustrate the influences of the LHS on the comparable hybrid system shown in Fig. 5 (b) .
Fig. 5: Timeline comparison between (a) hybrid system and (b) hybrid system with LHS applying the DG efficiency improvement.
The DG's capacity utilization through the parallel charging of battery and LHS can be raised compared to the hybrid system. Furthermore, the time between two charging cycles is enlarged due to the stored thermal energy, which can be retrieved more effectively and with lower power demand from the LHS than through the ACU operation in the comparable hybrid system. As expected, the results show that the average efficiency of the DG due to the simultaneous charging of both battery and LHS. The constant electrical load to supply the ACU for charging the LHS pushes the DG's working point further to the point of maximal efficiency. The time for charging the battery is not affected by the LHS charging process. As a consequence, the DG operation times remain equally long but downtimes are longer than in the hybrid system leading to a shorter annual DG operation time.
On the one hand, it was expected that the fuel consumption will decrease due to the increased DG efficiency achieved through the ACU's constant operation during DG runtime. On the other hand, the electrical energy consumption of all components was expected to increase slightly because of the constant space cooling demand and the additional energy demand to supply the fan for discharging the LHS. As shown in Fig. 6 , the fuel savings amount up to 3,1 % with a LHS of 10 kWh th capacity compared to the hybrid system. Also with an LHS of 15 kWh th similar fuel savings are achieved, whereas the savings decrease when an LHS with 5 kWh th or with 20 or 25 kWh th capacity is applied. The reason for the decreased savings of the 5 kWh th LHS is its insufficient capacity. It is not large enough to enable the ACU to work through while the DG charges the battery. Thus, the DG's average efficiency cannot be raised as significantly as with an LHS of 10 kWh th capacity. The reason for the smaller savings with an LHS of 15-25 kWh th capacity is different. Due to the high charging capacity of the LHS, or in other words, due to the ACUS's insufficient cooling capacity two effects take place: Firstly, the LHS charging process is interrupted because the temperature in the shelter becomes too high while charging. Secondly, due to this effect mainly the sensible part of the LHS with T pcm > T pc is charged. As a result, the discharging performances of the LHS with a capacity of 15-25 kWh th are smaller than the ones with 10 kWh th capacity although the heat transfer surface increases with increasing capacity. This is the case because of the decreasing ΔT at the discharging process due to the stored mainly sensible thermal energy.
Fig. 6: Calculated fuel savings when raising DG's efficiency through the use of LHS.
The low discharging performance induces the fan to work permanently to ensure the shelter temperature. An LHS with smaller capacity but higher discharging performance can realize a pulsing operation mode which is more energy effective. The results show that LHS with sizes of 10-25 kWh th nearly discharge the same amount of thermal energy in average. In contrast to that, the electrical fan energy needed to discharge this thermal energy increases by 20 % for the 20 kWh th LHS and by 32 % for the 25 kWh th LHS in comparison to the 10 kWh th LHS causing the reduced fuel consumption savings shown in Fig. 6 . An ACU with a higher cooling capacity could help to avoid this effect. As mentioned above, the electrical energy consumption of all components was expected to increase slightly. However, results show that both the fuel consumption as well as the electrical energy consumption decreased in the investigated hybrid system with LHS. The reason for the equally reduced electrical energy consumption can be found in the avoidance of electrical transformation losses occurring alongside with the increase of the DG's efficiency through the LHS. Electrical transformation losses in the energy system of the TBS mainly occur from battery usage because of its relatively low cycle efficiency of ~ 85 %. In addition to that, the required rectifier (AC/DC), which is needed to charge the battery, and the inverter (DC/AC) to supply the ACU in battery operation represent further sources for transformation losses. These transformation losses are partly avoided by using the LHS. Firstly, the thermal space cooling demand in battery operation is mainly supplied by thermal energy retrieved from LHS. Secondly, discharging the LHS through a DC powered fan forms a significantly smaller electrical load than suppling the AC powered ACU. Thus, further transformation losses are avoided that arise from the inverter (DC/AC) to supply the ACU in the hybrid system. As a result, the battery's throughput decreases significantly by 6 %, avoiding both storage losses, because of battery cycle efficiency as well as transformation losses caused by the rectifier and the inverter. The avoided transformation losses amount to approximately half of the savings in diesel consumption shown in Fig. 6 .
Air conditioner unit
As it can be seen in Fig. 7 (b) , the ACU works constantly in the most efficient hours during nighttime to charge the LHS. The stored thermal energy is used to bridge the time of the most inefficient hours for the ACU to work.
Fig. 7: Timeline comparison between (a) hybrid system and (b) hybrid system with LHS using the ACU Efficiency improvement
It is further visible that the DG efficiency improvement can occur simultaneously when the battery is charged during nighttime (see hours 1923-1928 Fig. 7 (b) ). But on average this effect is balanced and has only little influence on the results because battery charging without ACU operation likewise occurs at daytime when the LHS is getting discharged. The savings due to an enhanced operation schedule of the ACU at low ambient temperatures amount to a maximum of 0,8 % fuel consumption savings (see Fig. 8 ). This value is reached with an installed capacity of 15 kWh th and above. The electrical energy demand to supply the ACU decreases by 9 %, which should lead to fuel savings of approximately 1,5 %. But because electrical energy is needed to supply the fan to discharge the LHS, the electrical energy savings are halved.
Fig. 8: Calculated fuel savings when ACU's COP increases through the use of LHS.
The reason for the two smallest LHS of 5 and 10 kWh th reaching little fuel savings is their insufficient capacity, which is not big enough to utilize the whole energy-saving potential. The effect of decreasing the LHS discharging performance occurring at bigger LHS capacities illustrated in Section 3.1 does not appear in the system with enhanced ACU working schedule. In sum, it was found that the leverage effect of improving the ACU working schedule through a LHS does not offer an energy-saving potential high enough to supply the LHS fan and reach high fuel savings at the same time. Other technologies such as cooling, which uses ambient air at the lowest daily temperatures instead of the ACU, offer a higher leverage effect to improve the space cooling efficiency in TBS.
PV-surplus
As shown in Fig. 9 (b) the PV-surplus generated by the PV system can be utilized by charging the LHS. The LHS discharging process is not further adjusted but starts right after the PV-surplus ends to ensure that the LHS is discharged as much as possible before the PV-surplus occurs again. Through the utilization of the PV-surplus, savings of up to 4,7 % can be reached with a LHS of 15 and 20 kWh th capacity as it can be seen in Fig. 10 . Furthermore, most of the fuel savings can be already reached with the two smallest LHS of 5 and 10 kWh th capacities leading to fuel savings of 4,1 % and 4,4 %, respectively. The reason for the lower fuel savings with the 5 kWh th LHS is its small capacity that is not sufficient to make use of the whole PV-surplus occurring. In contrast, the 10 kWh th LHS has a sufficient capacity, but the maximal fuel consumption savings are still not reached. Results show that the 10 kWh th LHS needs 11 % more time to store the same amount of thermal energy in comparison to the 15 kWh th LHS. The utilized electrical energy surplus from the PV system to supply the ACU can be rated as an additional energy source, which becomes only usable through the LHS. This electrical energy directly substitutes electrical energy, which would otherwise have to be generated by the DG. One further advantage of storing the electrical energy surplus as thermal energy in the LHS instead of in a battery with a higher capacity is its higher cycle efficiency for providing space cooling. The electrical energy from the PV-surplus only passes the inverter and is stored as thermal energy in the LHS. From here it can be retrieved under operation of the DC powered fan with no further transformation losses when supplied by the battery.
Summary and outlook
A latent heat storage enables the reduction of fuel consumption in off-grid TBS. The presented fuel savings can be achieved with a LHS in a typical off-grid TBS, which means that they can be even higher for different system configurations. Regarding the investigated system configuration, the fuel savings by improving the ACU's working schedule are rather small, whereas the utilisation of PV-surplus and the increase of the DG's efficiency lead to fuel savings of 4,7 % and 3,1 %, respectively. As a result of the investigation it can be said that the application of an LHS in off-grid TBS working with PCM realizes further fuel savings at low investment costs. Furthermore, the LHS offers a significant longer lifetime than the electro-chemical battery.
Further investigations with a more accurate LHS and battery model as well as experimental data for the LHS are the main focus of a current research project. In this project the more detailed LHS model will be merged with an aging model for lead-acid and Lithium batteries. As a result, a hybrid storage model including thermal and electro-chemical storage parameters will be available. The total model, including the TBS and the hybrid storage model, will offer the possibility to calculate the optimal dimensioning for all components, including LHS and battery as well as operation parameters for any off-grid TBS system configuration at lowest costs. The developed LHS model will be validated through a prototype LHS, which is set up by the industry partners. In the test rig, both existing PCM slabs will be tested and also new geometries of macro-encapsulations will be tested, aided by CFD simulations. The model will provide information regarding more global parameters of the LHS such as minimum performances and capacity needed as well as cost restrictions.
